Nitrogen loads in coastal areas have increased dramatically with detrimental consequences for 24 coastal ecosystems. Shallow sediments and seagrass meadows are hotspots for denitrification, 25 favoring N loss. However, atmospheric dinitrogen (N2) fixation has been reported to support 26 seagrass growth. Therefore, the role of coastal marine systems dominated by seagrasses in the 27 net N2 flux remains unclear. Here, we measured denitrification, anaerobic ammonium oxidation 28 Despite the importance of this coastal lagoon in removing N from the system, N2 fixation can 35 contribute substantially to seagrass growth since N2 fixation rates found here could contribute up 36 to 36% of plant N requirements. In vegetated sediments, anammox rates decreased with 37 increasing organic matter (OM) content, while N2 fixation increased with OM content. 38
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Denitrification and anammox increased linearly with temperature, while N2 fixation showed a 39 maximum at intermediate temperatures. Therefore, the forecasted warming could further increase 40 the N2 flux from sediments to the atmosphere, potentially impacting seagrass productivity and 41 their capacity to mitigate climate change but also enhancing their potential N removal. 42
Introduction 43
Nutrient supply is an important driver of marine primary production (Field et al., 1998; Howarth, 44 1988), where nitrogen (N) availability is believed to exert a key role in regulating net primary 45 production (Howarth, 1988) and driving eutrophication (Howarth and Marino, 2006) produced by N2-fixing crops, combustion of fossil fuels and the Haber-Bosch industrial reaction 52 (Fowler et al., 2013) . 53
Coastal areas receive high inputs of fixed N by river and groundwater discharges and 54 atmospheric deposition (Galloway et al., 2003; Voss et al., 2013) , causing severe problems 55 related to eutrophication and, potentially, dystrophic crisis (Galloway et al., 2003; Herbert, 1999) . 56
High N inputs can be partially balanced through losses, as coastal marine sediments are hotspots 57 of denitrification (Devol, 2015) , the conversion of nitrates and nitrites to N2 (and N2O partially), 58 leading to the loss of fixed N. Globally, coastal denitrification has been estimated to range from 59 4 to 8 Tg N yr -1 (Voss et al., 2013) , which is modest compared to the global riverine input of 66 60
Tg N yr -1 (Seitzinger et al., 2005) , N2 fixation of about 15 Tg N yr -1 (Voss et al., 2013) , and 61 atmospheric deposition of 1 Tg N yr -1 (Voss et al., 2013) to the coastal ocean. Recently, 62 however, anaerobic ammonium oxidation (anammox), the chemoautotrophic conversion of 63 ammonium and nitrite to N2, has also been regarded as an important process in marine 64
Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-344 Manuscript under review for journal Biogeosciences Discussion started: 19 July 2018 c Author(s) 2018. CC BY 4.0 License. specifications and following Seitaj et al. (Seitaj et al., 2015) . Redox measurements were 134 performed using Redox-200 microelectrodes (200 µm tip diameter). The electrode potentials in 135 the sediment were measured against the Unisense Ag-AgCl reference electrode and the 136 calibration was performed using two quinidrone solutions (10 mg ml -1 ) buffered at pH 4 and 7, 137 respectively. Microsensors were positioned using a manual micromanipulator (Märzhäuser, 138 Wetzlar, Germany), and the tip position was visually controlled with a horizontally mounted 139 USB stereomicroscope (Veho VMS-004). Oxygen, H2S, and redox microprofiling measurements 140 started 10 min after embedding and lasted about 4 hours per sediment core. The sediment surface 141 position was adjusted using the software Sensor Trace Suite v2.7.100 (Unisense, Aarhus, 142 Denmark Yoshinaga et al., 2011) . Briefly, about two grams of sediments was 158 dispensed into 10-ml glass serum vials, which were sealed with butyl rubber stoppers and 159 aluminum caps. All these procedures were performed in an anaerobic chamber (Coy Laboratory 160
Products, Grass Lake Charter Township, MI) where O2 concentration was <1 ppm. Headspace in 161 the vials was exchanged with highly pure He gas (>99.9999%) by vacuuming and purging. 162
Positive pressure (50-75 kPa) was added to the headspace to prevent unintentional contamination 163 with ambient air during the incubation and gas sampling. Isobe et al., 2011b) . In combination with GC inlet and peak 174 integration software, a quadrupole MS system can be used to determine N2 production rates as 175 low as a few nmol N l -1 d -1 (Holtappels et al., 2011) . Fifty microliters of headspace gas were 176 collected using a gas-tight syringe (VICI; Baton Rouge, LA, USA), immediately injected into a 177 GC (Agilent 7890A system equipped with a CP-7348 PoraBond Q column) combined with 178 5975C quadrupole inert MS (Agilent Technologies; Santa Clara, CA, USA). The m/z = 29 and 179 The sediment cores were transported immediately to the laboratory. Once in the laboratory the 196 roots were carefully separated from shoots and rinsed with sterilized seawater. Then, we placed 197 10 g (fresh weight) of healthy roots in a 250 ml glass bottle. Similarly, we placed one shoot 198 (without roots) in a 500 ml glass bottle. We added 100 and 250 ml of fresh seawater collected 199 from the same location to the root and shoot samples, respectively, and the bottles were closed 200 with lids fitted with gas-tight valves. In parallel, the sediment from the cores was extruded 201 carefully using a plunger, and the sediment was cut in four different horizons: from sediment 202 surface to 1 cm deep, from 1 to 2 cm deep, from 2 to 3 cm deep, and from 9 to 10 cm deep. We 203 added the additional deeper sediment layer (9 to 10 cm), matching the maximum depth at which 204 seagrass roots were detected. For each horizon, 80 ml of sediment was placed in a 500 ml glass 205 bottle. Then, we added 200 ml of fresh seawater collected from the same location and the bottles 206 were closed with a lid fitted with a gas-tight valve. Finally, we added acetylene-saturated 207 seawater, prepared according to Wilson et al. (Wilson et al., 2012) , through the gas-tight valve in 208 order to achieve a final acetylene concentration of 4 mM (10 ml to roots and 20 ml to shoots and 209 sediment incubations). We run the root and shoot incubations in triplicate. Similarly, we run the 210 sediment incubation in triplicate for each horizon and sediment type. The roots and sediment 211 slurries were incubated under dark conditions, and the shoots were incubated mimicking the 212 natural photoperiod (12 h light at 200 µmol photons m -2 s -1 : 12 h dark) at in situ temperature. 213
We sampled the headspace five times, distributed along the 24 h incubations. Specifically, we 214 withdrew 3 ml of air from the headspace with a gas-tight syringe. The headspace air sample was 215 immediately injected into a 3 ml vacuum vial for further analysis of ethylene concentration on a 216 gas chromatographer equipped with a flame ionization detector and coupled to a mass 217 spectrometer (MS-FID-GC, Agilent 7890) using a GS-CarbonPLOT column (60 m × 320 µm 218 × 1.5 µm, Agilent Technologies, USA). We built a calibration curve using three ethylene 219 standards of known concentration (1.5, 9 and 93 ppm) and Helium as a balance gas, supplied by 220 We run the following negative controls at each sampling event: i) roots, shoots, and sediment 226 without addition of acetylene-saturated seawater in order to confirm that ethylene was not 227 naturally produced by our samples, and ii) seawater collected from the study site and used in the 228 preparation of the incubations with addition of acetylene-saturated seawater in order to measure 229 the N2 fixation due to pelagic diazotrophs. The ethylene production rate measured in the 230 seawater control was subtracted from the ethylene production rates detected in our samples. The 231 net ethylene rates (after subtracting the background seawater rate) were converted into N2 232 fixation rates by applying the common ratio of 3 mol of acetylene:1 mol of N2 (Welsh, 2000) . 233
At the end of the incubation, we dried the roots, shoots, and sediment samples at 60 o C and 234 recorded the dry weight for further calculations. Moreover, we calculated the sediment organic 235 matter (OM) content of each replicate sediment horizon by loss on ignition (Dean Jr, 1974) . 236
Then, the sediment N2 fixation rates were standardized to surface area integrated over 3 cm 237 sediment depth by averaging the rates measured at the first 3 sediment horizons and taking into 238 account the sediment bulk density in order to compare N2 fixation to denitrification and 239 anammox rates. The N2 fixation rates of roots and shoot epiphytes were standardized to surface 240 area taking into account the biomass density. 241 242
Statistical analysis 243
Differences in OM content (our continuous response variable) were tested considering the 244 categorical explanatory variables 'sediment type' (2 levels: vegetated and bare sediments) with 245 the non-parametric Wilcoxon test. Furthermore, we analyzed OM content considering also as 246 explanatory variable 'sediment horizons' (4 levels: from sediment surface to 1 cm deep, from 1 247 to 2 cm deep, from 2 to 3 cm deep, and from 9 to 10 cm deep), and 'sampling events' (5 levels: 248 pairs signed rank test. Similarly, we test for differences between denitrification, anammox, and 255 N2 fixation rates by Wilcoxon matched-pairs signed rank test. Moreover, we analyzed the 256 difference in denitrification, anammox, and N2 fixation rates per gram of sediment considering 257 the type of sediment and the sediment OM content as our categorical and continuous explanatory 258 variables, respectively. Since the distribution of denitrification, anammox, and N2 fixation rates 259 per gram of sediment was not normal, we used a GLM to test for differences. 260
Finally, we analyzed the difference in depth-integrated denitrification, anammox, and N2 fixation 261 rates, our continuous response variables, considering the type of sediment and sampling event as 262 our categorical explanatory variables. We furthermore analyzed the difference in depth-263 integrated denitrification, anammox, and N2 fixation rates, considering the type of sediment and 264 temperature as our categorical and continuous explanatory variables, respectively. Since the 265 distribution of the depth-integrated denitrification and N2 fixation rates was not normal, we used 266 a GLM to test for differences, while we used a linear model test to analyze the depth-integrated 267 anammox rates as its distribution was normal. The effect of temperature and sediment type on 268
the net N2 flux was tested by using a linear model. All statistical analyses were performed using 269 JMP (SAS Institute Inc., USA) and PRISM (GraphPad Software Inc., USA) statistical software. 
Results 272

Water and sediment properties 273
The in situ daily average seawater temperature ranged from 22.3 o C in February to 32.5 o C in June 274 (Table 1) , while annual mean salinity was 41.2 ± 0.4 PSU. The OM content was consistently 275 higher (about 40% higher) in the vegetated sediments compared to the bare sediment 276 (nonparametric Wilcoxon test, p < 0.0001), with annual mean (± SEM) OM content of 13.5 ± 0.1 277 and 8.5 ± 0.1% of sediment dry weight, respectively, and decreased with increasing depth (Fig.  278   1a) . The sediment OM content significantly differed among sediment type, sampling event, and 279 sediment horizon (GLM; sediment type*sampling event*sediment horizon "#,%& # = 28.7; p = 280 0.004). The maximum depth-integrated mean OM content in vegetated sediments (15% of 281 sediment dry weight) and bare sediments (9.5% of sediment dry weight) was found in November 282
and June, respectively. 283 Sediment O2 microprofiles significantly differed between vegetated and bare sediments during 284 light and dark measurements (nonparametric Wilcoxon test, p = 0.0002 and p < 0.0001, 285 respectively) and between light and dark conditions in both vegetated and bare sediments 286 (nonparametric Wilcoxon test, p < 0.0001 and p < 0.0001, respectively). The vegetated and bare 287 sediments were anoxic below the sediment surface but the sediment depth at which anoxic 288 conditions prevailed varied depending on sediment type, light or dark conditions, and the time of 289 the year (Fig. 1b, c) . In vegetated sediments, the anoxic conditions appeared at deeper layers than 290 in the bare sediments. Similarly, O2 diffused into deeper sediment layers during light incubations 291 than during dark incubations for both vegetated and bare sediments. On average, the vegetated 292 sediments were anoxic at 1 ± 0.3 cm and 0.7 ± 0.1 cm below the surface under light and dark 293 conditions, respectively, while bare sediments were anoxic at 0.6 ± 0.2 cm and 0.4 ± 0.1 cm 294 below the surface under light and dark conditions, respectively. In some vegetated sediments 295 under light conditions (Fig. 1b1, b3) , the O2 concentration increased again at deep layers, likely 296 indicating O2 release by seagrass roots into the sediment or O2 diffusion through animal burrows. 297 Sediment H2S microprofiles were highly variable along the year (Fig. 1b, c) . Under light 298 conditions, the H2S concentration in bare sediments (median = 1.28 µmol H2S L -1 ) was 299 significantly higher than in vegetated sediments (median = 0 µmol H2S L -1 ) (nonparametric 300
Wilcoxon test, p < 0.0001). Similarly, under dark conditions, the H2S concentration in bare 301
) was significantly higher than in vegetated sediments 302
0001). In vegetated 303
sediments, the H2S concentration was very low (< 0.5 µM) during the summer months (June and 304 August, Fig. 1b1-2 ) and the maximum H2S concentration (10.4 µM) was detected in November 305 under dark conditions (Fig. 1b3 ) at 2.2 cm below the sediment surface. Bare sediments showed 306 similar H2S profiles under light and dark conditions, except for the dark measurement in 307
November. The maximum H2S concentration in bare sediments (15.2 µM) was also detected in 308
November under light conditions, but it was higher than that in vegetated ones and at deeper 309 sediment layers (Fig. 1c3) , about 6 cm below the surface. The redox potential ranged from about 310 550 mV to -450 mV (Fig. S1 ) and decreased abruptly with increasing sediment depth. 311 312 3.2. Denitrification, anammox and N2 fixation rates 313 Sediment denitrification rates per gram of sediment were consistently higher in vegetated 314 sediments compared to bare sediments (Wilcoxon matched-pairs signed rank test, p = 0.0015, 315 Fig. 2a) . The highest denitrification rates were detected in summer (June and August, Fig. 2a1-2 ) 316 for both vegetated and bare sediments. In vegetated sediments, the maximum denitrification rate 317 (20.52 ± 0.6 nmol N g DW -1 h -1 ) was found in June and was almost twice the maximum rate 318 measured in bare sediments (11.5 ± 4.2 nmol N g DW -1 h -1 ), which was found in August. 319
Although the rates varied throughout the year, the maximum denitrification rates took place 320 between 1 and 2 cm below surface, with minimum rates detected in the sediment surface. 321
Anammox rates per gram of sediment were large but consistently lower than denitrification rates 322 (Wilcoxon matched-pairs signed rank test, p < 0.0001) and without significant difference 323 between vegetated and bare sediments (Wilcoxon matched-pairs signed rank test, p = 0.6788, 324 Fig. 2b) . In vegetated sediments, the maximum anammox rate (6.88 ± 0.5 nmol N g DW -1 h -1 ) 325 was detected in August and was similar to the maximum rate in bare sediments (6.89 ± 0.4 nmol 326
), measured in April. The minimum denitrification and anammox rates were 327 measured in November. Sediment N2 fixation rates per gram of sediment (Fig. 2c) were 328 significantly lower than denitrification and anammox rates (Wilcoxon matched-pairs signed rank 329 test, p < 0.0001 and p < 0.0001, respectively), with maximum N2 fixation rates (1.25 ± 0.1 nmol 330
) detected in November, in contrast to the denitrification and anammox patterns. 331
The N2 fixation rates were significantly higher in vegetated sediments than those rates measured 332 in bare sediments (Wilcoxon matched-pairs signed rank test, p < 0.0001, Fig. 2c ). Denitrification 333 rates per gram of sediment differed between vegetated and bare sediments at different sediment 334 horizons, however sediment OM content did not have a significant effect (GLM; sediment type 335 ",#% # = 5.6, p < 0.05; OM content ",#% # = 3.1, p = 0.08) (Fig. 3a) . The sediment OM content and 336 the type of sediment had a significant effect on anammox rates (GLM; sediment type ",#% # = 4.5, 337 p < 0.05; OM content ",#% # = 5.1, p < 0.05) and N2 fixation rates (GLM; sediment type*OM 338 content ",'( # = 14.2, p < 0.001). Anammox rates decreased with increasing OM content in 339 vegetated sediments ( = −1.04 + 17.8, p < 0.05, Fig. 3b) , while N2 fixation rates increased 340 with increasing OM content in vegetated sediment ( = 0.24 − 2.9, p < 0.0001, Fig. 3c) . 341
The differences in denitrification rates between vegetated and bare sediment rates became 342 smaller when depth-integrated (0 -3 cm) rates were compared (Fig. 4a) , largely due to the 343 higher (1.5-fold) bulk density in bare sediments compared to vegetated sediments. Depth-344 integrated denitrification rates significantly differed among sampling events but not between 345 vegetated and bare sediments (GLM; sampling event 6,#6 # = 70.6, p < 0.0001; sediment type 346 ",#6 # = 3.1, p = 0.08). Depth-integrated anammox rates (Fig. 4b) significantly differed among 347 sampling events and between vegetated and bare sediments (lm, sampling event*sediment type; 348 6,#8 = 30.05, p < 0.0001). Similarly, depth-integrated N2 fixation rates (Fig. 4c) (Fig. 5b) . However, depth-integrated N2 fixation rates did not increase linearly with 358 temperature and the differences in rates were explained by sediment type (GLM; sediment type 359 ",#: # = 4.93, p = 0.03). Sediment N2 fixation rates in vegetated and bare sediments showed a 360 different thermal response than denitrification and anammox processes, with maximum rates 361 reported at 28.5 o C and decreasing rates at either lower and higher temperatures (Fig. 5c ). N2 362 ) and epiphytes (10.4 ± 1.5 µg N g DW -1 d -1 ) were 366 also recorded in November when in situ seawater temperature was 28.5 o C (Fig. 5c ). 367
The net N2 fluxes ranged from 3.6 ± 0.8 and 19.73 ± 0.9 mg N m -2 d -1 in November, to 85.1 ± 368 3.7 and 85.1 ± 2.6 mg N m -2 d -1 in summer months for the seagrass meadow and bare sediments, 369 respectively ( The contrasting annual patterns in denitrification and anammox compared to those of N2 fixation, 433 with highest rates of denitrification and anammox in summer and spring while maximum N2 434 fixation in autumn (Fig. 3) , suggest differential specific thermal responses. The linear increase of 435 denitrification and anammox with temperature found here was already described for net sediment 436 N2 fluxes in estuaries (Nowicki, 1994) . Similarly, the thermal response of N2 fixation found here, 437
with maximum rates at intermediate temperatures (29 o C) and a decrease in rates at lower and 438 higher temperatures, is in agreement with the notable decrease in N2 fixation rates at 35 o C 439 reported for cyanobacteria in soil crusts (Zhou et al. 2016 ). Moreover, the sediment microbial 440 activity is modulated, as well, by the quantity and quality of the OM. Decomposition and 441 remineralization rates of OM depends on its lability (Herbert, 1999) Almahasheer, H., Serrano, O., Duarte, C. M., Arias-Ortiz, A., Masque, P., and Irigoien, X.: Low 501
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